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Interferometric Study of Natural Gon-vection from 
an Inclined Flat Plate Facing Downwards 
Yash Paul Gupta 
Master of Technology 
Department of Mechanical Engineering 
Indian Institute of Technology, Kanpur 
August 1975 

Natural convection from an electrically heated inclined flat 
plate (120 X 60 X 6 mm) facing downwards has been studied by using inter- 
ferometry. The plate with unrestricted edges open to flow from all sides 
has been tested along its longish axis. Temperature distribution for the 
plate surface has been calculated froip. the fringe shifts measured on ttie 
interferogram (fringe pattern). Heat transfer due to convection to the 
surroundings has been determined from the temperature gradients at the 
plate surface. It is proposed that natural convection heat transfer 
from an inclined flat plate facing downwards can be correlated by Ihe 
formula s 

m = 0.626 (Gr. Pr. Oose)^ 

Heat transfer coefficients yielded by the above correlation aire, 
hoTrever, 6*6^ hi^er than those reported in the literature for the ver- 


tical plate 



Hie study also includes the use of Schl-'p 

Schlxeren apparatus for 

flow visualization purposes q * 

^ Pl^otogr^h for «ae horizon- 

tally heated flat plate sbows that thP • 

the flow is symmetrioal about the 

ddle of the plate, Jhe boundary layer is seen to be 

seen to lie maximurii near 

the center of tte plate and reducee gradnallv to th ■ • 

Si^aouaiiy to the minimum around the 

free edges. The bbundaiy layer is nn+ 

IT i yer is not zero at the free edges as postu- 
lated by the previous researchers in thp-i +>, 

arcners m their theoretical analyses given 

literature. Therefore, the heat transfer from a hoiizontal flat 

Plate fao^ dc«.„arda can not te deted.^ed t, treats, ft ae a l^lt- 

Plate facing dotards. 



CHAPTER 1 


Ul lETROnJCTlON; 

Eree or natural con'vection is the mode of heat transfer 1h.at 
OGcurs ^en a body is placed in a fluid at a temperature different from 
that of the body* As a result of Ihe temperature difference, density 
changes occur in the fluid around the body* (Ehe fluid starts to flow due 
to the buoyancy forces created by density gradients in Ihe fluid. However, 
In the forced convection heat transfer, the fluid flow is inposed and main- 
tained mechanically^, either by a pump or a coii 5 ) 3 ?essor or a blower* 

Heat transfer due to free convection plays an ingjoitmt role in 
many practical engineering applications. Heat losses ocoir from pipes 
carrying heated fluids, walls and ceilings of buildings, steam radiators, 
evaporators, condensers and other bodies placed in quiescent atmosphere 
due to free convection. Also cooling of structuiral parts in propulsion 
systems like gas turbine blades, rocket nozzles and combustion chaaber 
walls is achieved by free convection flows ■vdiida are produced by centri- 
fugal forces. 

Mathematically speaking, Grrashof and Prandtl numbers are the two 
impoirtant non-dimensional parameters vhich characterise the type of flow 
in natural ccaavection, 'rfiile in forced convection, Reynolds number plays 
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a dCT n x na .at role. Differential equations for Telocity and thermal boundary 
layers are coupled and consequently an interaction exists between the tem- 
perature and the velocity fields, making Ihe problem of natural convec- 
tion analytically more complicated than that of forced convection. More- 
over, if there exist large temperature gradients within the fluid, vaida- 
tions of properties other than density, like thermal conductivity and vis- 
cosity, should be taken into account to m^e an appropriate analytical 
study of the flow. Hence, both the momentum and energy equations have to 
be solved simultaneously in any study of natural convection problem, and 
their solutions are tedious and complicated, if not in^jossible. 

Many natural convection phenomena are therefore, investigated 
e 2 q)erimentally to avoid the difficulties inherent in obtaining an analyti- 
cal solution and also to check the validity of analytical solutions where- 
ver available, 

1,2 EEVIEW OP PBETIOOS WOEKj 

A simplified model of many free convection problems was investi- 
gated theoretically as well as experimentally by Sciaiiidt and Beckman 0 j , 
who studied 'Hie free convection flow of air on a short vertical hot plate', 
Ihe agreement between the two (theoretical and experimental) results was 

seen to be good md the velocity and Ihe thermal boundary l^er thicknesses 

t/4 

were found to be proportional to x , idiere x is the distance from ihe 
leading edge of Ihe plate. Eckert and Jackson 02^ > found by experiments 
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on. heated ■vertical flat plates and cylinders that 'the flow is laminar for 

0 

Raylei^ number less than 10 and turbulent for Rayleigh number greater 
than 10 Eckert and Soehnghen £ 3 ^ u.sed an interfeinmeter to study the 
mechaniam of natural convection heat transfer from a heated ver'fcical alu- 
minum plate to air. It was found that 1iie flow ■was laminar for the first 
20 inches from 1he bottom; then ■the traasition from laminar to turbulent 

flow starts at 21 inches at a critical ■value of the Grashof number of 
0 

4 X 10 and a fully developed turbulence occurs near the top of the plate 

11 

at Grashof number of 3.8 x 10 • Ihe analysis of laminar free convection 

flow over a flat plate was extended by Os'trach "to include very large 
Grashof and Prandtl numbers. He found ■that the velocities and Husselt 
numbers of the order of 'the magnitude of •those encountered in forced con— 
■vection flows could be obtained in free convection flows created by centri- 
fugal force fields, O-ther experimental investigations include heat trans- 
fer in vertical ■tubes at large Gra^of numbers (10 to 10 ) by Eckert and 

Eiagvilla ^ 53 na'tural convecbion between parallel plates by Iiet235:e [*6j, 

who found that the flow became unsteady at -the top of "the plate for "the 

9 

value of Gr Rr*fi: 2 x 10 • The mechaniam of heat loss due to convection 
from vertical surfaces was also s-tudied by Griffi'ths and Da-vis W and 
■they found that, on the vhole, con-vective cooling was proportional -feo 5/4 
power of the temperature excess ever surrounding air. 

Ha-tural convection from "the downward facing horlzcmtal pla-fce has 
also been studied extensively, Le-vy TsT •treated "the case of 'the horizontal 
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plate of finite area by means of an ^p 3 X)ximate analysis based on assumed 
Yelocity and tempeiature profiles in the boundaiy layer, using the inte- 
grated momentum and energy equations for the boundaiy layer. Wagner 9^ 
applied the Integral method of levy and carried out in detail the calcula- 
tions of heat transfer from a domiward facing heated strip of fi n ite -width. 
He assumed the velocity and temperature layers to be of ihe same thickness 
and decrease from a maximum thickness at the center of the strip to zero 

at the free edge. The results ^ow the Eusselt number to be proportional 
1 

to the -r th. po-wer of the product of G-rashof and Prandtl number* Stewar- 
p 

tson assumed the edges as stagnation points similar to inclined plates, 

and fluid flow from the edge towards the center. Kadambi later 

Kadambi and Drake ^2^ attempted similar boundary layer analysis for ■file 
axisyrametrical case of a circular hot plate facing downward. Sii^, Bir- 
kebeflc and Drake ^13^ have presented solutions for the flow from the c^ter 
towards the edge using file condition that the boundaiy layer has zero fiiick- 
ness at the edge. Olifton and Ghapman perfomed an analysis for a two- 
dimensional plate by setting the boundaiy layer at the edge eofial to a cri- 
tical dep'fii predicted by analogy to open chmnel hydraulics. The validity 
of th ese approximate solutions depends on the boundaiy conditions at file 
plate edge and the velocity and temperature profiles assumed in file respec- 
tive analyses. 

Recently, Aihara et. al. [«} in’VBstigated the laminar free con- 
vection along the downward — facing surface of an isothermal horizontal 
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plate and ejcplored the applicable range of boundary layer approximation. 
Their results closely agreed with the predictions of |jl33 the center 
of liie plate, ilhe plate was heated on boiii sides and on the edge, causing 
a higher heat flux near the edge, Oiierefare, the measured heat transfer 
coefficient close to the edge, was much hi^er than the prediction of 
Aihara et.al, carried the velocity measurements outside tae thermal boun- 
dary layer and found an appreciable horizontal flow from tie edges towards 
the center, itancisco and Glickanan stidied the effect of edge, con- 
dition on natural convection from a horizontal plate facing downward". A 
square copper plate (7x7x1 inch) was used for the heated surface, !Eh.e 
plate was Ihick so as to assure temperature uniformity over the hot surface, 
lEhe edge conditions studied were as follows; 

(i) Insulated edges 

(ii) bare edges 

(iii) cooled to a temperature close to ambient. 

It was found that the conditions at the outer edge of a heated horizontal 
plate facing downward has a marfeed influence on the thermal boundary layer 
sh^e and the heat flux distribution over the entire heated area. 

Interest in natural convection on inclined surfaces arose out of 
attempts to describe thermal stratification in insulated cryogenic prope- 
llant vessels, where a substantial portion of heat input occurs in the 
vessel bottom. ELch made beta local heat transfer and boundary layer 

temperature measurements in the laminar regime on an inclined plate facing 
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upward* Act aluminum plate 4” wide 16*' long and l/8” tliidk was headed tiir-* 
ou^ the use of an electrofilm resistance heating element ^plied on. one 
side of ihe plate* On ttie other side of the plate vdiere iiie free convec- 
tion was to he studied, four cbrcmel — alumel thermocouples were ^ot wel- 
ded at 3j 6, 10 and 13 inches measured from the bottom of 1he plate. Fo 
constant voltage transformer was used* iUhe test was xun in an air-*condi- 
tioned room, so that Ihe ambient temperature could be maintained constant'* 
ingles of inclination ranged from 0 to 40 degree measured frcm the verti- 
cal* The local heat transfer correlated well with vertical plate data tak- 
ing the gravitational temn in the Orashof number as the giavily conqjonent 
parallel to the surface of ihe plate* 

Investigation of the plate surface temperature distribution shon^ 
that the heated surface in ^ot isothermal, ihrther, in Uae ab- 

sence of a stabiliaed power supply, 'the test surface can not be one of a 
constant heat flux* ilso the air conditiaaer must have disiufbed the 
flow* 

"Vliet 1^3 e3£perimental studies of local heat transfer co- 

efficient on constant heat fiux inclined surface facing upward* Bae plate 
was 4 ft* high x 3 ft* wide with an electrically heated 2 — mil thick stain- 
less steel sheet insulated on the back. The plate was immersed in a water 
tank as shown in Eig* 1,2,1. To have a ccaastant leading edge condition, 
a light an^e geometiy was maintained near the plate leadmg edge hy atta- 
ching a wall perpendicular to iixe plate, 2 incshes below the start of tSlC 




'ATUtiAL CONVECTION TEST AfTrAhlAiUS 


U'-LIMEO SURFACE USED BY VI tCT '[!8i 




8 


heated section/ Experinents were carried wilh the plate inclined at angles 
of 30 ■“ 85 degrees with th.e horizontal. According to the author, iiaere was 
great uncertainly in the water bath temperature, 

OJhough the leading edge condition was maintained constant, yet 
the experimental results can not be applied to a more general case wilh 
open edges of the plate surface, !I!he right angle geometiy will produce its 
own convection field and its interaction with the convection field of the 
inclined plate near its leading edge is bound to affect the flow pattern 
and hence the heat transfer, 

1,3 SCOPE GP IHE PSE SENT WQBK: 

A detailed consideration of the above referenced literature leads 
one to the conclusian that not only have the authors used different flow 
models but also some of tie models as in £9^ f / 01^ and can 

not be justified physically. The velocity and temperature boundaiy layer 
are of tie same thicdsness only vhen Prandtl number is unity, Eor a heated 
plate facing downward, the boundary layer at tie edge oan not be assumed as 
stagnation points similar to inclined plates. The experimental oee^lts of 
Aihara et, al, seem to be more convincing but need to be veid-fied by better 
methods of measurement. 

Accurate experimental results for heat tjransfer from downward 

facing hot plate are quite difficult to obtain beceuse of the very low 
value of the heat transfer coefficient. Heat losses throu^ the walls and 
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tihe plate aipporting structure can be of the sfitae order of magnitude as liie 
heat transferred to the plate. At l(^,^^§aperatures, radiation absorbed 
from liie airroundings is important. When the plate temperature is elevated, 
radiation emitted by the plate become important illative to convection 
heat loss, Ihereforre, it is difficult to accurately determine the net con- 
vective heat flux from the test plate by a heat balance, 

(Ehe present work deals with the escperimental determination of na- 
tU 3 ral convection heat transfer from an inclined plate facing downward by 
usihg optical method, namely interferometry. Compared with other measure- 
mei^t methods in ti^e area of heat transfer^ optical methods possess consi- 
derable advantagesi ®ie measurements do not disturb the temperature field 
and there are practically no inertial errors in the optical methods so that 
rapidly changing prxicesses can be accurately followed. This advantage 
arises from the possibility of recording the entire temperature field on a 
single photogr^h. 

Test plate of good heat conducting material, aluminum, was heated 

by a main heater made from nichrcme strip (38 SWG) wound around a ihin mica 

sheet, A guard heater was also made in the similar manner tO restrict the 

backward flow of heat. In addition to determining -aie heat transfer from an 

inclined plate facing downward, the present woik could alsto serve as a 

d 

check for 1he heat transfer from horizontal plate facing downvrecrd and fmm a 
vertical plate. 



CHAPTER 2 


2‘t 1 ESPERmWTAE APPARATUS MB IHSTEOMMTACION: 

IHie test specimen comprised a rectangular aluminum plate 120 mm 
long, 60 mm wide and 6 mm thick. The plate was enea^sed by a heater made 
from 38 SWG nichrome strip wound around a thin mica sheet. Por minimisirig 
the backward heat losses from the heater, a guard heater was employed and 
an asbestos sheet of 6 mm thickness was used to separate the two heaters,; 

The guard heater was covered by another aluminum plate Smm ihick followed 
by a 12 mm thick asbestos ^eet. A thin mica sheet was used to insulate 
each heater from its neighbouring plate. The above units were assembled 
and held together by epoxy resin, spread around the periphejy in a thin 
layer. Pig. 2.1,1 daows the details of the said assembly. 

Sixteen 30 SfG chromel — alumel thermocouples were embeded with 
an electrically insulating but heat conducting cement (Sauereisen Ho. DW-30) 
into 4 mm diameter holes drilled in the test plate. The average depth of 
these holes was 5,5 mm, Thenno couples B & B’ were attached one each to 
either surface of the asbestos sheet sandwitched between the main heater 
and Ihe guard heater. Pig. 2,1,2 shows tie location of the thermocouples 
on idle test plate. The surface of the test plate was polished with fine 
emery paper to reduce the heat loss due to radiation. 




Guard heater 
Asbestos 
Main heater B 


Plate 


FIG/2'Vr TEST . PLATE'^ASSEMBLY 
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Stabilized A.G. was supplied to 1iie heaters throu^ a sesTro-con— 
trolled sxrgle phase, A*0. TOltage stabilizer (Blue-line mefee) with an. 
accuracy of + 0«1 percent and was contix)lled thiough auto— transfomers'i; 

Ihe energy input to each heater was measured by noting the current and "VDl- 
tage in each circuit with an ammeter and 'Toltmeter of 0.1 ampere and 1 volt 
least count re^ectivaly, IThe tsaperature difference between themocouples 
B & B* was controlled and maintained within 0.25c by regulating Ihe electric 
input to the guard heater. At steady state the maximum backward heat loss 
from the main heater was estimated to be negligible (of ihe order of 0*05 
percent of the heat supplied to it^ OEheimocouple readings were measured 
with a millivolt potentiometer (leeds and Horthrup, No. 8686). Ihe poten- 
tiometer was connected to the various theimocouples throu^ a series of 
selector switches, Ihe circuit diagram for thermocouple connections is 
shorn in Big, 2.1,3. 

Ihe test plate was kept horizontal with the help of a dial gauge 
placed on a surface plate levelled with four levelling screws and a 12 inch, 
spirit level. The test plate was kept at various desired inclinatioaas with 
the help of a vernier piotractor of 1 minute accuracy, 

2.2 SCJHLIEEiM MEaiHODj 

2.2.1 Introduction 

numerous methods are available to visualize the flow past models 
imder test. IQiese include the use of tufts, smoke, and oil film placed on 



H 




15 


tile surface of th.e model, and tkie vapour-screen and tuft — grid techniijxes 
for obseiving 14ie vortex pattern behind 1iie model, imong these techniques 
the sehlieren method is most extensively used in hi^ speed and slow speed 
boundary layer flows, as well as in natural and forced convection heat 
transBfer studies, 

Elis method gives a picture of the flow, caused by changes of 
refractive index, due to densily variations in 13ae flow past the model, 

Ee refractive index, n , of the gas is related with sufficient accuiracy to 
its density, , by the equation 
n * 1 = k*P 

viiere k’ is a constant for a particular gas and for a particular wave- 
length of light, itor air, the equation can be conveniently written as i 
n - 1 = , 

vhere is the density at normal temperature and pressure, Ee factor 
k’ is dimensionless, and for air, varies between 0,000290 and 0*00029B for 
Ee visible li^t spectrum. 

If E Ee working section, Eere is gradient of refractive Edex 
normal to Ee li^t rays, Ee rays will be deflected as Ee light travels 
more slowly Eere Ee refractive Edex Is larger as given by Ee equation : 
a = cy n , 

being Ee velocity of li^t E vacuum, Ee deflection of ligjit rays 
is a measure of Ee fEst derivative of densily wiE respect E distance 
i,e, Ee density gradient, Ee varEtion of refractive Edex gi^adient 
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noimal to "tiie rays will differ so that they will converge ©r diverge, giv- 
ing increased or decreased illimination on the screen. 

In this w03± the schlieren technique has been used to visualise 
flow pattern on a heated plate facing downward and inclined at angles of 
0, 45 and 90 degrees with the vertical. One can say that this method gives 
a qualitative picture, showing different regions of varying density in a 
fluid flow past a model, 

2*2,2 Arrangement of the Apparatus ; 

A lypical apparatus used for the present work is shown in Fig. 
2*2,1, Hie light source, S , is placed at the focus of concave mirror, 

so that the working section is illuminated hy a parallel beam of li^t,' 
A plane mirror, , has been introduced into the path of 'th.e beam between 
S and to fold the light beam, A second concave mirier, placed be- 
yond the woiking section, produces an image of Ihe source in its focal 
plane, K , and there tiie knife-edge is introduced. Again j a second plane 
mirror, Pg , is used to fold the beam emerging from the mirror, 

2,2,3 Apparatus Setting : 

Hae procedure for setting up the schlieren system is simple, but 
depends to some extent can 12ae nature and arrangement of 1116 apparatus and 
on the type of flow ijdiich is to be obseirved. For the present work wi1h 
the described arrangement, the following procedure was adopted. 
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I!h.e first adjusiment that is made is to locate the li^t source, 
S, at 1±ie focus of the first mirror, Ihe mirror, P^, is adjusted such, 

that the beam of li^t emergiag from S and received by it, is directed 
towards the mirror to fill its aperture completely, ITow the mirror 
is adjusted with the help of screws attached at its bade to direct a para- 
llel beam of li^t throu^ the working section, lo facilitate the loca- 
tion of S at the focus of mirror , a plane mirror is held between, 
and so as to redirect the beam of li^t back along its path, frem 
to P^, and then to S, An image of S is thus obtained, very close to 
the original source. If the size of the image is the same as that of the 
true source, one is sure that S is at the focus of mirror 

The second mirror, , is next merved laterally or vertically 
until it is filled by the parallel beam emerging from the working section, 
and is rotated until the light reflected from it, is received by the 
plane mir ror, Pg. Then the mirror P^ is adjusted to direct the beam of 
light throu^ the knife-edge assembly. 

The knife-edge is now inserted in the focal plane of second 
mirror and is adjusted until the screen darkens as uniformly as possible 
Then the teidge is traversed across the image of the li^t source. The edge 
is then so set that a certain fraction of the image of the source is cut- 
off, low ihe apparatus is ready for the visualisation of flow patterns 
around the model introduced into Ihe working section. 



19 


2.3 INTEEEERCMETBIC MEmOD- 

2.3.1 Introduction i 

The inteiferanetric method is Tery useful in iiie study of gas—flotv 
problems as it proT/ides quantitative as -well as (jialitative results in liie 
fo23a of a photographic record that can be studied at leisure', Thp. method 
depends upon the principle of interference of two coherent beams,' It is 
welUmown that interference can occur if light beans from two sources 
emitting waves of equal an^jlitude and of constant phase difference are 
combined tmder aiitable conditions, - In the present work, the Mach— Zehnder 
interferometer has been used to produce the interference fringes, 

2.3.2 The Mach— Zehnder Arrangement : 

The basic airangement of the Mach— Zehnder interferometer is ^oto 
in Idg, 2,3,1 lA^t from a source, S, is., made to impinge with maximum in- 
tensity on a source mirror, SM, with the help of collimating lens ^stem, 

OL, The source mirror, SM, is aispended •vertically with the help of a thin 
■wire attached firmly to "the main frame. The reflected di'veigent beam frcci 
the source mir 2 X)r is directed towards the parabolic mirror, N, tdiich can be 
adjusted with the help of sorewB mounted on the back and sides of it. This 
parabolic mirror now sends a parallel beam of light along the axis of ^e 
main frame towards the g)litte3>-plate, E, vhere it is split into two beaus, 
Paarfc of the original beam of light is reflected by the Eplitte3>plate and 
part is transmitted by it. This splittei>-plate, E, is housed in a retain- 
ing ring ■vhich is placed between the pi'VGt screws attached to the outer-ring'. 
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!I!h.e outer ring is mounted on the main frame. This plate, E, is Irept fixEd 
in its position making an angle of 45° with the axis Iffi. The trananitted 
beam from the ^litteivplate, B, goes to the minor B ^ere it is ref- 
lected on a second splitter-plate, G-, from viaich it is reflected on the 
screen or on a photogr^hic plate, P, The mirror B and the ^litteiv 
plate S are also mounted in a manner disoussed for the splitter-plate 
E but these can be rotated about either of two axes, horizontal or Trerti^ 
oal - with the help of fine - adjustment screws. The li^t that was ref- 
lected by E likewise goes to a fixed mirror, I, from vhich it is reflected 
on the splitter plate, G-, This mirror has the same mounting arrangement 
as E, but in addition it can be translated parallel to the axis IG-, At Q 
the transmitted part of Ihe beam falls on the screen or on the photogr^hic 
plate, P, 

This arrangement fulfills one of the necessary <x>nditions for the 
interference of the waves in two beams of li^t, namely, that the two beams 
originate from the same light source, Brom a practical standpoint the 
arrangement also permits the oonditims to be met that the two beams be so 
widely separated in space that the distuibance to be studied can be intro— 
duoed into one of the beams without disturbing the other. The disturbance 
or the 'test section’ can, of course, be located anyvhese in either of two 


beams. 
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2,5,3 Adjustment of the Interferometer : 

Ihen the interferometer is first set-up y a number of adjusiments 
must be made in order to obtain fringes and to orient them properly* Itor 
the purpose of describing the different adjustnents, Pig. 2.3.‘1 will be 
referred. It is to be imderstood that the purpose of alignment procedure 
is to obtain interference between tvso coherent light beams -vdaich traverse 
two different paths. In order to accomplish it, the fiarst necessary step 
is to obtain a collimated ligjit beam, ■viiich is described in the following 
section, 

A, Obtaining a Collimated li^t Beam ; 

Before starting this procedure one ^ould be convinced that 13ie 
li^t source, filters, condensing lenses, li^t source mirror and parabolic 
collimating mirror are at proper positions wiihin the frame Tticih has been 
installed in thermally stable and vibration free conditions, lEhe li^t 
source mirror, 31, should be located on the axis of the main frame, i.e,, 
a line running throu^ the cent 3 ::e of the fixed splitter-plate, E, and the 
parabolic mirror N, QIhe following steps ^ould be taken serially -to obtain 
the collimated beam, 

(l) Turn on the mercury vapour laoDp, after adjusting the variao 
connected in the circuit, so that a voltage of 115 - 120 V is 
applied to the lamp . 


!Qie position of the condensing lenses, Cl, is now to he adjusted 
hy morjng iJiem, on the scaled bench* 5]he important thing to be 
obseiwed is that the light beam ^ould iapiage on the li^t 
source mirror, aa, with maxinum intensity. This is facilitated 
by holding a snail strip of paper just behind the source mirror," 

SI, to see Tdien the most intense light ^ot appears on the mirror* 
With the proper orientation of the source mirror the light 
from the lamp should now fall on the parabolic mirror, H, and a 
disc of light should be "visible in the enclosed frame of the ins- 
trument* The intensity and location of the disc of li^t can be 

ex ami ned by placing a piece of p^er in the cQitre of the frame 
the 

at ^ partition (2), Jig. 2.3.1. 

To get the disc of li^t in the centre of circular opening at 
position (2), an adjustment of the screws mounted on the back 
and sides of the parabolic mirror is needed* 

Readjustment of the orientation of the source mirror, 31, and possi 
bly of the positions of the optical bench assembly, may be 
necessary so as to get uniform illumination on the p^)er at 
position (2)* 

To facilitate fhrther adjustments, a 5 cm diameter hole made in 
a piece of p^er should be taped at the partition (1) and the 
hole ^ould be centered as closely as possible with respect to 
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the partition cut out, Tiiere should now be a 5 cm diameter disc 
of li^t at the centra of the paper at the position (2) , Chis 
disc will not be centered with reject to the circular cut out 
of the frame Mhen either the parabolic mirror 1 is not located 
at the axis of the frame or the source mirror, is not on the 
optical axis of the parabolic mirror. In that case, steps (3) 
and / or (4) must be repeated. If the disc is not 5 cm in. dia- 
meter, the li^t sou3?ce mirror, 31 will not be at the focal point 
of the parabolic mirror'^ Ihis necessitates step (6)i 

(6) Using the adjusting screws on 1he back of the parabolic mirror, 

H, move the mirror forward or backward until the illuminated spot 
is 5 cm in diameter,-' At this point the li^t beam coming from 
the p arabolic mirror should be parallel and coincident wiih. the 
axis of the instrument, 

B — Adjustment of the Plane Mirrors : 

In the mirror mount assemblies, the plane mir3x>rs P and &, can be 
rotated about two axes vhich shall be referred to as horizontal and vertical 
axes. Extreme cai« is needed in handling 1hese mirrors so that no scratches 
or finger prints appear on them. 

The planes of the outer ring of the flitter plates and the mirrors 
should be adjusted to mske an angle of 45° witi the base of the mount. It 
is understood that E, P, & sard 1, have been already mounted into proper 
positions with fixed measuiad distances between ihem. 
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During the following adjustments liie piece of p^er wilh 5 cci 
diameter hole ^ould still he in position (l), 

(7) Place a screen at the position ( 3 ) • It will he possible to note 

the: size and location of the light heam c omin g from splitter— 

plate j E* Note that if ihe diameter of the li^t disc is not the 

same as that of the hole in the paper at position (1), the 

in. 

instructions ^ Step 6 have to he repeated.* 

(s) She inner ring of the glitter-plate mount B should he rotated 
about its cods until the -vertical location of -the li^t disc is 
centrally located with respect -to 1he cu-fc-out in the frame at (3)* 

(9) Nowj the translating mirror is -to he adjusted at position I* Ihe 
li^t beam fcom E diould he centered on the mirror surface 
after removing the screen frm ihe position (3)* 

{10) If the li^t heam is not centered, the splitter^late, E, may he 
mo-ved by loosening the. screws in the base of the yoke and 6 l i d. tog 
- the entiie yoke assembly until the heam is centered on the- mirror 

at I* 

Ihe soi^een should now he placed at the port at point (4)* 

(11} By swinging ihe mirror, I, about its horizontal axis the light 
should he centered -vertically with reject to ihe cut out at 

■ ( 4 ). \ 
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SIhe distance of mirror, P, with respect to the splitter-plate, 

E, ^ould be made exactly double the distance between E and I. 
The distance should be measured between the centers of piTOt 
screws, provided on the top of E, P, Q and I. ETow remore the 
screen at (4)o 

(13) The light should be centered Tertically by swinging the mirror, 
P, about its horizontal axis, 

(14) Eow, the splitter-plate, G-, in the interferometer frame rfninl it 
be ad;}usted to the proper orientation as stated earlier with the 
ground glass screen at position P, Two source images should be 
•visible, one image coming throu^ the test section and the ottier 
throu^ the enclosed reference section, 

(15) It may be necessary to adjust the mirrors, first at G, then at I 
and P to bring the images into coincidence, 

0 - Pine Adjustment : 

This procedure requires a telescope mounted at P such that two 
Images of the source m i rror are visible through it. The adjustments are 
made as below ; 

(16) !Ehe telescope should be set up by looking along the axis of the 
instrument and adjusted in such a fa^im that the front of the 
amall light source mirror comes into focus. In general there 
win be two images o^ the source mirror because of the inexact 
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initial adjustment process. Ehe aim of the fine adjustuent 
process is to olDtain two beams of li^nfc -ydaich ^pear to origi- 
nate from a single source, (This portion of the adjustment may- 
be carried out by decreasing the intensity of light by placing 
the filters before the laap as too hi^ an intensi-|y is hanaflil 
to the eyes), 

(17) ihe two images can now be made to coincide wi-fii the adjustments 
of mirror, P, or splitter-plate, ff. With the coincidoace of 
these two images, it might be possible to see the fringes but 
usually the two beams will get di-verge at too large an angle j 
thus making the fringes in-visible, 

(18) In order to reduce the angular diTergence of the beams, the 
telescope may be focussed progressively on points farther than 
the source, Por this purpose it is often necessary to introduce 
another object in the li^t path between E and E, i,e, , at or 
near the back of source mirror, say the screen with 5 cm cu.t-%ut 
at (1), The back of the light sorrce mirror and the screen at 
(1) will probably at first appear as a double image. The Object 
is now to obtain progressively a single image of the frcnt and 
back of the source mirror in each of the two foaissing planes'; 
This is acccmplidied by rotating either minor P or &, always 
using the same mirror adjustment to cause the coincidence of 
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the same image , ffliat is to say, if 1 is adjusted to mafce "file 

the 

two ioages of Ihe front of sounrce minor coincident , -tiie same 

mir3x>r ^ould be adjusted always fbr "file amage appearing in iiie 

plane of the front of the source mirror. 

Ihe steps involved are ; 

(a) focus on the front of the source mirror, 

(b) adjust glitter-plate, G, to make image coincident, 

(c) focus now on the cut-out at (l), i.e,, at the back 
of source mirror, 

(d) adjust the mirror, P, to make the im a ges coincide at this 
plane , 

If the above steps are repeated several times, one of two things 
win become apparent. Either the adjustment will appear to be converging, 
(i.e,, the images will come closer togelher) or the adjustment will become 
worse. If the latter is the case then the mirror E should be adjusted 
for the front image of the source mirror and G for the cut-out, and the 
same procedure repeated, Unfortunately, it is not possible to guess in 
advancje which mirror is to be adjusted first, to get the images to coincide,' 
For the final fine adjustment, the fine knobs on the fraae for mirror F 
and G may be used, 

Fow as the fine adjustment process converges, dark lines start 
to appear on the front face of the source mirror and they will appear to 
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get daifcea and farttier apart as liie fine adjustoent approaches ihe end. 
The fine adjustment procedure may be continued until a single dark line 
is visable on the front of scarce mirror. At this stage the fine adjust- 
ment controls should be operated rary carefully ■wiiii maximum precision. 
After obt a i n i n g a single fringe at tae front of the source mirror j liae 
telescope diould be focussed at tie back of source mirror to attain, the 
m a x imuni density fringes in the field at this position.. 

(1 9 ) ibr the control of darkness of fringes the qjlitter-platei G, 
and for tie pacing and orientation of fringes tie mirror, P, 
should always be aijusted, 

Now after obtaining tie fringes in the field, it is nece- 
ssary to obtain the aero-order fringe pattern Tjdiich can be ob- 
tained by following the procedure given below, 

D — Zero-Order Eringe Adjustment s 

(20) Remove tie filter elements from tie bench and see -whether the 
fringes are visible or not as this will depend upon how nearly 
equal the two light paths are in optical effective pati length# 
If the paths are quite different, no fringes -will be visible 
and it will be necessary to translate the mirror mount I to 
e(}ialize the optical path lengths but Iheie will be no w^ to 
know in advance -vdiich way the mount should move, The melhod 

to determine it is as follows s . 
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(a) iDraaslate 1ihe mirror, I, ia a particular direction. 

(b) Replace the filters, 

(c) Observe the movement and intensii^r of green light fringes. 

If they appear to be becoming less distinct, and if remov- 
ing the filters, does not yield fringes, the direction of 
translation of mirror has been wrong. 

(d) Reverse the direction of translation of the mirror and see 
viiether Ihe fringes are visible in both dCiltered and unfil- 
tered mercury light, 

(21) With the introduction of vhite light only a few black fringes 
will be observed^ Mirror I is to be adjusted to make these 
fringes appear with 1he greatest contrast. At this stage, if 
green light is introduced, 1iie fringes with even greater con- 
ta?ast and more visibility will be obtained. 

With the unfiltered mercury light, every 6 th or 8th fringe 
is darker than the resti When one of these dark fringes coin- 
cides with the zero-order fringe, it is as black as a green li^t 
fringe, iEhus the mount I is moved and the daokness of the fringes 
is observed. If the contrast of the fringes inc3?eases, the txrans- 
lation is in ri^t direction. When the contrast of the fringes 
indicates that the zero-^rder fringe is approaching, the check 
with vhiteli^t should be made each time a new fringe appearrs 
in the field , ISiis will prevait passing over the zero-order 
fringe. 
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Now 1416 instiument is ready with final adjustment for 
viewing interferometric patterns in free convection flows 

E “ Zero - Order Fringe Adjustment with a laser Beam ; 

Bhe final setting of the interferometer for the present work 
has Been carried out with a laser beam (^ectra Physics Helium — Neon 
stabilite No. 12o) as it is monochromatic and spatially coherent. Eie 
beam is intense ?£nou^ to get a bri^t and sharp interference - fringe - 
pattern vhich can be photographed very easily. The use of the laser beam 
requiires a beam - expander which can expand the beam to the required 
degree . 

The beam expander consists of a microscope obj ective and a pin 
hole filter of the size of a few microns, mounted together in a frame such 
that the microscope objective may be moved relative to the filter. A 
mechanical arrangement for the adjustment of the pin - hole exactly in 
front of the objective so as to pass the beam is necessary. The micro- 
scope objective of the required magnification (45 X for tlie presort work) 
expands ihe laser beam. 

Adjustment Procedure : 

The adjustment procedure to get the zero - order fringe 
pattern is as follows : 

(l) Eemove the mercury light source and install the laser along the axis 
of the condensing lens assembly. 
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(2) Switch on -the laser, and tiy to get the beam to conTOrge on tlae 
source mirror, m, with 1he condensing lenses in position. This can 
be done by lowering or raising the level of laser and displacing the 
laser in a horizontal plane. This adjustment can be facilitated by 
the use of a screw-gack* 

(3) After the completion of step (2) it is necessary to observe that the 
beam reflected back from the parabolic mirror, ^ould fall at the 
centre of splitter plate, E, This can be observed by holding the 
place of paper at position (2) Pig. 2.5.1, If the beam does not 
fall at the centre of the paper, it indicates that ihe beam does not 

ake a proper angle of incidence at the source mirror and consequent- 
ly step (2) is to be repeated, 

(4) Introduce the beam expander between the laser and the condensing 
assembly, maintaining the microscope objective towards liie laser and 

adjust tae pin - hole so tiat the expanded beam fills the aperture of 
condensing lens system^ 

(5) Adjust the condensing lenses, without distiubing the laser, on the 
scaled bench to get the converged beam at ihe source mirror. 

(6) As soon as the step (5) is complete, fringes will be visible at P, 
provided the mirrors and splitter plates are previously adjusted as 
in steps 7 - 15 (see Sec, 2,3,3, B), 
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(?) Fow the aim of the adjustment is to get sharp fringes with a maximun 
of spacing and proper orientation, R)r spacing, mirror G- is adjus- 
ted ■while mirror I* is adjusted for orientation, 

(s) Iranslate "the mirror, I, in one direction say badsward, and observe 
the contrast and spacing of the fringes. If contrast and spacing 
increase, the translation is in ihe ri^t direction, otherwise, 
reverse ifae direction of translation and obtain a sharp fringe - 
pattern wilh maximum fringe spacing, 

( 9 ) The set-up is ready for obtaining an interferogram, 

2,4 EZEBEIMEasrm PEOOEDCJEB * 

The test plate assembly is held at the desired inclination in 
the test section of Maoh»Zehnder interferometer as diown in Fig, 2,4", 1'* 
The most important adjustment consists in bringing 1he axis of ihe beam, 
of the light to graaiag incidence at ihe hot surface of the test section. 
After the completion of this step, the assembly is fix3ed rigidly in this 
position ihrou^out the test* 

OSie plate is then heated by switching on the main heater and 
the guard heater. It is not known in advance ■vtot combination of elec- 
tric input to the twio heaters will mske the difference of ihe thermo- 
couple readings B & B* very nearly disappear. So this is done manually 
by trial and error. It took approximately 8-10 hours to achieve ihe 
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above mentioned condition of negligible temp. dax^.As soon as the steady 
state is obtained, the readings of the various thermocouples are noted 
wiih Ihe help of millivolt potentiometer and a photograph of 1he fringe 
pattern is taken. 

The next set of readings is taken with the model at -the same 

inclination but at higher temperature of the surface of the plate. Tests 
, out 

similar to 1iie above were carried^ wiih 1he plate inclined at angles of 0, 

30, 45, 60 and 90 degrees to the vertical respectively and the eorres- 

are - 

ponding fringe patterns^ shovn in Fig* 2,4*2. 

Uext "fee te's'C- plate is examined on the Schlieren apparatus for 
flow visualizatibh, A photographic sheet film- is held in a plate mounted 
on a camera to capture Ihe graphic view of the undisturbed flow-pattern 
by applying Ihe proper cut-off by the knife edge. Slow speed wiih high 
contrast film was used. . • Schlierea^photographs were taken with the plate 
surface' at 0, ' 45 and 90 degrees' 'with^the .vertical as shown in Pig', 2,4.3. 

2,5 EVAnJATlOK OP ISrEERPEROG-HAMS : 

Pigure 2,5.1 is the schematic sketch of a fringe pattern. If 
the temperature were uniform throu^outj,' the center line of the fringe A 
instead of that of B would pass through the point The shift of one 
fringe' at- this point P indicates that there is care less wave of light 
in the path throu^ P than there -would be if the temperature at P 
were the same as at: Q, 
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Pig . 2,5.1 SCHEMATIC SKETCH OP A PEOIH&E PATTEEH 
Bie temperature of air is derived from its densiiy ^ich is 
wi1h the refractive index by liie Iiorenz - lorentz f2o3 equation 


■?■ - ■ ■■1 =lc'V 

+ 2 


( 1 ) 


n is -the index of refraction, / the density, and k” is a cons- 
eharaot eristic of the fluid (air) , 

Since the index of refraction of air under room conditions is 
e order of 1.0003, the equation above reduces very closely to 

n *• 1 = 3/2 k" /’ (2) 

If n is the index of refraction of Ihe room air and n 

& ■ - ■ ■ 
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the index of refraction of the heated air in front of the plate, and P 
and p> 2 are tile coixesponding densities, then 

n^ - n = 3/2 k"( f . f. ) 


3/2 ( 1 - i> / / ) 

s ^ a 

K - 1 ) (1 - /, / f) 


(3) 


If 1 is the leng-fc of the path of li^t under consideration, 
and if is the wave length in vacuum of the light used, liien the 

number of wave-lengths, along this path in vacuum would be 


I = -i. 


(4) 


If IT and IT are "the number of wave-lengths under considei'a- 


tion, then the index of refraction is given by 


and 


IT 

n = — 
a F 
0 


(5) 


n. 


IT. 

£ 

F 


Inserting the values of (4) and (5) in equation (j) and re-arranging 
yields 


F - F„ = (n - l) — - 
a 2 a X 


f p 

(1 - -r) 


( 6 ) 


But for a given pressure, 

h 

fu 


I. 


(T) 
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Using (7) and representing (u 


by AIJ, (6) yields 





- T 

r-..2__a\ 


(6) 


On solTtog ejiplloitly for temperaton rise above that of room 
air this equation becomes 


T - T = T. 
2 a a 


Au 


K " ■>) - Au 

^0 


(9) 


Since in iiie interfero-meter, the change in number of light 
waves for a given path is equal to the fringe displacement, AU, as 
measured in fnirige widths, equation (9) can be used to meaaire iiie tem- 
perature rise above room air at any point along the center line of an 


iJiterference fringe. is the temperature of the room air in degrees 
kelvin and the quantity (n^ - I) is given in the "International Critical" 
C ^ ^ for standard conditions and may be calculated for any other 
condition by using gas laws. In the present study, fringe shift was mea- 
sured with an optical projector (Bausch & Bomb make). 
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3»1 RESULTS MB DISCUSSICl' OP RESULTS ; 

3«1.1 Tempera-bare Listrlbution of -the Plate Surface : 

3* 1.1 shows tempera "ture distributions of "the pla-fce for -the 
horizontalj inclined ( 6 = 45° ) and -vertical orientations. As expected 
"the tempera-fcure around -the middle of the plate is sli^tly higher -than 
-that towards -ftie edges. The -v-ariation in the surface tempera-ture wasj 
howe-ver^ wi-thin _+ 2% of "the a-verage tempera-fcure of the surface. The sur- 
face of -the pla-fce was, -therefore, asaomed "to be an iso -thermal surface, 

3. 1.2 Schlieren S-fcudy : 

Pig, 2,4.3 shows -the schlieren photographs for horizontal, 
-vertical and inclined ( 6 = 45° ) positions of the heated plate, Por -the 
horizontal plate facing dovmwards, it is clear that the -thermal boundarj'- 
layer is maximum at -the center and decreases towards -the free edges. The 
boundary layer at -the free edges is not zero as pos-fcula-fced by -various 
au-fchors in -their -theoretical analyses^efs, fs J , * 10J , ^11 s , i 12 i 
and vertical plume from -the two sides was also observed by 

Aihara, et, al. jlsj 

Por the plate inclined at 45° with the -vertical, the boundary 
layer is thicker at the leading edge and thinner at -the top. As 






expected the boundary layer thickness increases v/ith the rise in tempe- 
rature of the plate, 

Ibr the vertical plate, the boundary layer is thinner at liie 
leading edge and thicker at the top. Hear the top, the bomidaiy layer 
bends invrards due to the strong convection currents from the top hori- 
zontal edge of the plate. These convection currents increase the heat 
transfer coefficient from the plate surface. 

3.1.3 Intei’ferometric Results : 

The photographs of the various fringe patterns obtained are 
shown in Fig. 2,4,2. OSaese fringe patterns were taken by allovring the 
image of the pattem to fall on a FORTEPAH 160 ASA sheet film. It is 
suspected that scratches and dust particles on the miraxirs may have 
resulted in local distortion of the fringes. Temperature distributions 
for various fringe patterns as calculated from their respective fringe 
shifts are given in Figs, 3.1.2 throu^ to 3.1.4, The dotted lines have 
been drawn tazigent to the temperahire distiibuticn curves at S = 0 and 
therefore, give the temperature gradients at the plate surface, 

3.1.4 Relation Between Local Husselt Humber and 
local Rayleigh Humber ; 

(a) Horizontal Plate : 

Fig. 3.1,2 shows the temperature distribution below the surface 
of the horizontally heated plate. The experimental data have been 
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substituted 3U1 the relationship The l/5th pov^er 

of Raylei^ number has been taken from the theoretical and experimental 
studies made by various researchers in the field (fable 3 .I). Average 
heat transfer coefficients have been computed by integrating the local 
heat transfer coefficients over the entire characteristic length of the 
test ^ecinens. Table 3 .I compares the results of the present stud^r 
with those reporjred in the literature. 


TABIE 3.1 : Comparison of Average Heat Transfer 

Coefficient for Horizontal Plate Pacing 
Dovsnwards. 


Investigator 


Plate geometry 


Correlation 

Coefficient 




Present study Rectangular 0.753 

Sin^, et, al >_13 j Square 0.716 

^ (Theoretical) 

Kadambi ri2j (Theoretical) Circular 0.795 

Stewart son fio j (Theoretical) Infinite strip 0.841 

Prancisco & ttlickamm 1116 J Square 0,68 

(Er^erimental) 

Aihara, et. al, [.15]] Rectangular 0.71 

(Experimental) 


As expected, the present experimental results yield heat tm— 
nefori-. 'Coefficients which are approximately 5% higher than -those pre- 
dicted by Singh, et. al. [l3J and about and S% hi^er than Ihose 
reported by Prancisco and Glicksman |16 I and Aihara et. al -15 1 
respectively. The discrepancy, it is belie-ved, could be explained 
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by the fact that the previous authors have invariably assumed or attem- 
pted to simulate 2-dimensional flow conditions in their studies by res- 
trictuig the flow of heat from the two sides of Iheir test specimens. 

In the present siudy, however) the plate did not have any restriction 
on any of its sides, Further) the invalid assumption made by the authors 
(fable 3 . 1 ) in their theoretical analyses, that the boundary layer thidc- 
ness is zero at the free edges, is bound to result in lower heat transfer 
coefficients. On the contrary, the vertical plume at the edges as obser- 
ved by Aihara, et* al p5j and confirmed by the present series of tests 
on the horizontally heated plate facing downwards helps in increasing the 
heat transfer coefficients. 


(b) Inclined Plate Pacing Downwards: 


Fig, 3.1,3 and 3,1,4 show the temperature distributions for the 

various inclined positions of the plate facing downwards. It is evident 

from these ^aphs that as the surface temperature of the plate increases, 

the thermal boundary layer also increases, Ihe experimental data were 

substituted in the correlation ITu = c (Gr, Pr. Cos ©)^ as proposed 

z X , - 

by Rich 1 17J # The value of the exponent m was, therefore, talcen as 

1 / 4 , the same as that for a vertical jilate* Appendix:-® shows a sample 
evaluation of the local Russelt number. 

Table 3,2 gives the range of the exp®rimental data and ihe 
local Nusselt numbers obtained in this study, Ihe data for Ihe vertical 
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pla-fce have also been included in the present Investigation, treating 
6 = 0° as tb.e limiting case, 

I^BLE 3 *2 Experimental data and local Musselt numbers obtained 
fox Inclined Plate Pacing Downwards, 


e 

(degrees) 

Plate 
tempe- 
rature 
. (°°) 

x/1j 

Gr 

X 

Pr 

X 

m 

X 

C 

X 

c = jx, c 

3 ^ 

0 

93.6 

1/2 

1.52 X 

10= 

0,6960 

8.16 

0.454 

0.6053 

50 

59.5 

2/3 

1.89 X 

10= 

0.6985 

8.42 

0,458 

0.6 107 



1/2 

1.79 X 

10= 

0.6985 

6.75 

0.455 

0.6066 

30 

65.3 

1/3 

2.42 X 

lo"^ 

0.6980 

6.24 

0.567 

0.7560 

45 

77.5 

5/6 

6.25 X 

105 

0,6970 

10,80 

0.458 

0.6107 

60 

62.0 

2/5 

2.19 X 

10^ 

0.6985 

7,81 

0.469 

0.6250 



1/2 

9.20 X 

10^ 

0.6985 

5.86 

0.437 

0.5827 

60 

67.7 

1/3 

3.03 X 

10^ 

0,6980 

4.88 

0.443 

0.5906 



5/6 

4.74 X 

10^ 

0.6980 

9.85 

0.487 

0.6480 


Average c = 0.626 

Prom the results of Table 3.2, the proposed correlation for 
inclined flat plate facing downwards becomes 


Wu = 0.626 (Or. Pr. Cose)"''^^ 

Jig# 3# 1*5 compares iiie e 3 q)e 3 rfmental data f3?om the incli- 
13,ed flat plate facing dowiwards with the theoretical and eijpearimental 
results obtained from the literatuie* Heat transfer coefficients 



/ 


A Experimental values 

Schmidt & Beckmaniexpenmentc 

McAdams [ 22 ] 

>0-0- -o- Recomended curve(experimental 
-proposed correlation 
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yielded by tihe proposed coirelation are^ hov/ever, seen to be 6,65J aid 
20,65^0 hitler tban those of McAdams [22 " and Schmidt & Beckman [ 1 ''' 
respectively, The recommended curve of Saunders i''23'j for short vertical 
plates^ also compares well with the proposed correlation for ihe range 
of Grad-iof numbers experimentally obtained in the present stiidy. 

As mentioned earlierj the hi^er heat transfer coefficients 
obtained in the present investigation could be explained by the fact 
that the flow was not restricted to a 2-dimensional configuretion, since 
the plate was open to flow from all sides, 

3*2 GONGIUSIOIS : 

(1) Natural convection heat transfer from an inclined flat 
plate facing downwards can be evaluated by using the 
correlation 

Nu = 0.626 (Gr, Pr,. Cos©) 

(2) The average heat transfer coefficients yielded by the aboire 
proposed correlation are 6,6^ hi^er than McAdam^s 
correlation for vertical plates. This discrepancy is 
believed to be as a result of ihe edge effects of the 
assembly. The boundary layer development on all ihe 
edges helps to augment the main flow from the surface 

of the plate and therefore, results in hi^er heat transfer 
coefficients at the edges of Ihe plate. This view was 
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further confirmed by examining the test plate on -fee 
Schlieren bench for flow visaalization. 

(3) Itor the horizontal plate facing domwards the airerage 
heat transfer coefficient can be obtained from the 

e quation 

Hu = c (Gr. 

^ere the value of c for the present rectangular test 
plate with free edges was found to be 0.753* Ehe average 
heat transfer for the horizontal flat plate with free edges 
and facing downwards are approximately 6^ hl^er' than those 
for 2~dimenaional flow eapeidments reported by Aihara, et, 
ai, Qs J • 

(4) Por the horizontal flat plate facing downwards the boundary 
layer is seen to be maximum near the center which reduces 
gradually to the minimum around the free edges. The verti- 
cal plume near the edges is observed to accelerate the flow 
end thereby result in local heat transfer coefficients 
higher at the edges compared to those at the center of the 
plate, 

3.3 SGOQPE POE lUTUBE WOEK ; 

Since the experimental results from the above study cover 

4. 5 

only a sma ll range of Grashof numbers between 10 to 10 , the scope 
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of -ttie present study is limited, it is therefore, essential and desi- 
rsble to extend the rsnge of spplicQtion of the aoove proposed correla“ 
tion to include large G-ra^of numbers, Ihis would also enable one to 
find the critical Gra^of number at which the breakdown of ihe laminar 
flow occurs. 


Special provisions are, however, necessary to obtadn aich 
large Gradiof numbers in stationary apparatus, Srashof number for free 
convection under the influence of gravitational force g is given by 

s t ) 


Gr « 


w 


. 2 


A hi^ Graahof number .can be obtained 3n an experimental -set 
up by halving a fluid with a large ^ ratio, or by m^ing Ihe 
characteristic dimension, 1 , sufficiently long or still further by main- 
taining a large temperature difference between the plate surface and the 

—3 

surroundings. Por air at 122P° and 14,22 psia, ^ = 1,72 x 10 It°“1, 

= 19.89 ftVsec., and ^ = 0.434 x 10^. Por water at 212P®, (Satu- 
rated state) = 351x10^. Water has ratio which Incre- 

ases with temperature, Hovrever, temperature in an experimental set up 
would have to be kept well below 212P® to avoid evaporation, m the 
absence of any pressurization of the equipment. 

Gases generally have lower values of ih-an li<juidsj 

however, the ratio ^ can be inci^ased for gases by increasing the 


pressure in the system- 
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AETMDIX - A 


THEEMOCODPIE CALIBRATIOI 

Hhexmoccy-ple is an important, accurate and stable tempera- 
ture measuring device with rapid re^onse and low maintenance coSt^ 

It consists of two dissimilar electrical conductors either or both of 
vdaich may be pure metals, alloys or non - metals, having a common junc- 
tion vhere the conductors are in good ihermal and electrical contact, 
Gommon type of thermocouples are Copper - constantan, Iron - constantan, 
Ghromel - alumel etc, and their selection for a particular use depends 
upon various factors lihe range of temperature measurements needed 
and the type of atmosphere surrounding the measuring junction, Por 
the present work, Ghromel - alumel Ihermocouples have been chosen. 

Measurement of temperature by means of thermocouple is based 
on the simple fact that vdien two junctions formed by two dissimilar 
conductors are maintained at different temperainres, a small electro- 
motive force is generated in the circuit, the magnilude of which depends 
Upon the temperature difference between 1he junctions, Every thermo'" 
couple bears a certain relationship between the ten^efatur® difference 
of 1he two junctions and electromotive force generated in the circuit. 
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The simplest thermocouple circuit arrangement is ^owi in 
Fig. A— 1. One of the junctions called cold junction (or reference 
junction) is maintained at fixed knowi temperature (usually at ice 
point), and the other junction knowi as hot junction is inserted at 
the unJmowa temperature bath. The theimocouple may be lengthened, to 
remove the effective cold junction from the influence of heated zone 
either by adding compensating leads made from materials identical to 
those of the ttieimocouple or by forming a thermocouple pair of similar 
emf characteristics over the range of temperatures to i^hich the ends of 
the compensating leads are likely to be exposed. A sensitive and accu- 
rate millivolt potentiometer may be used to measure the emf generated 
in the circuit and by using the relationship between the temperature 
difference between the two junctions and the emf developed in a parti- 
cular thermocouple, the unknown temperature is calculated. 

The temperature“emf relation^ip of a thermocouple depends 
Upon the type of metals used, (in the manufacture of thermocouples it 
is inevitable that some impurities will be present in cutte appreciable 
proporticjns) . Moreover, this relationship depends upon the way in inhich 
the junctions are made and the type of lead wires used for connecting 
the thermocouples to the emf measuring device. Therefore, whenever 
hi^ aomracy is desired, pmpex calibration of the thermocouple is 
necessary. In the present worfc, the thermocouple was calibrated against 
a standard Platinum Eesistance Thermometer (leeds and Northrup Comply) . 
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A ]SiJ.Xler’ s biidge, also of iiie Leeds and Fortiiru.p Company was used to 
measure the resistance of the platinum resistance theimometer. Hlhe re- 
sistance of "this ’theimometer bears a certain relation^ip with "the tem- 
pera-ture surrounding the element of platinum resistance theimoHeter. 

This relationship is in ■the foim of charts and ma’fchematical formulae 
supplied with -the thermometer. 

Ihe emf generated in -the circuit has been measured by the 
potentiometer (Leeds and Northiup) with least count 0.005 mV. Poten- 
tiometers ha-ve advantage over ’the other types of emf measuring devices 
in ’the fact "that 'they draw no current from the source of unknown volt- 
age when ’the circuit is balanced for erf measurement. Ilhe unknown "volt- 
age is balanced against a known poten’bial drop which is due to "the flovj 
of current through some standard resistances. 

Muller* s bridge is no-thing tut an improvement of Ihe basic 
ITheatstone bridge to facilitate veiy accurate resistance measurements. 
!Ehe one used in the present work is "that of Leeds and Hor'lhrup Coi^any 
and has one hi^ resistance range and "three low resistance ranges. Eie 
latter has again "three resistance measuriag ranges enabling it to be 
used wi"th thermometers having low (0.25 — 1.00 ohm), inteimedia’be (lO - 
100 ohms) or hi^ (greater than 1,000 obms) resistance values at 0 °G. 

In "the in teimediate range resistance -values are exactly reproducible 
to the fourth decimal place, !Ehe platinum resistance theimometer used 
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affected by fhe vacuim pump and high p 2 *essure nitrogen cylinder 

with a low pressure regulator connected to the i^stem. The vapour jac- 
ket has a glass cap at the top vhich carries two thermowells in ihe va- 
pour jacket* One of the wells receives the platinum resistance thermo- 
meter with 7" depth of immersion as calibrated by the U.S. National 
Bureau of Standards, The hot junction of thermocouple is inserted into 
the other well upto liie same depth. In both the wells Silicone Oil is 
filled (between one and twoD inches depth), to ensure good thermal con- 
tact, The bottom of the vapour jacket is plugged by means of a Teflon 
plug with an 0 - ring outside. Mercury is poured onto this plug so as 
to keep 0 ring away from chemical used in the jacket and also to prevent 
any leakage throu^ this joint, Bromobenzene has been used for calibra- 
tion upto °0, 

To maintain the cold junction of thermocouple at ice point 
an equilibrium solution of crushed ice and distilled water was taken 
into a thermoflasfc. Ice is added from time to time and ice and water 
slurry is stirred thorou^ly with ^ass rod in order to ensure its solu- 
tion temperature at 0 °0, in accurate thermometer is also inserted into 
this bath to check: the constancy of temperature inside it. 

The resistance - temperature relationship for the platinum 
resistance thermometer is given by the Callender’s Bijiation ass 
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lOO ( E . - E ) 

V 0 

®100 “ 
e’/ 


100 " ^ ^ loo 




An. altemaljiTe foim of “the above can be written 


as 


E, / =R (l + at + h t 

a = (1 + ^ /100) 



The reported values of the constants hy TJ.S. Bureau of 
Standards are given below : 

E (Resistance at ice point) = 25.5814 Ohms. 

0 

^ (Fundamental coefficient of = 0*003926833 
coil) 

6 = 1,496176 

H has been checdsed for the ice point with Miller.’ s bridge 
' o 

and found in good agreement with the reported value within + 0*0001 Ohm, 
Using the above formula and constants, a table has been generated with 
the help of the con?)uter to give the resistance value of ihermcmeter at 
0*005 °C temperature intervals from 0 °0 to 300 °G. This table can be 
used directly to read the temperature from the resistance of platinum 
resistance thermometer* In this wey it has been observed that with 
this kind of apparatus any thermocouple can accurately be calibrated* 

The calibration curve is shown in Pig, A-3, 
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The set of calculations given below applies to 1h.e interfero- 
gram for the confi^ration 6 = 30, x/f* = 2/3 and At^ = 30.0 The 
fringe shifts as measured with an optical projector are tabulated as 
below : 


!s(mm) 

0 

1 

2 

3 

4 

f 

5 I 

f 

- -J 

1 

Ian 

4.5 

3.6 

2,7 

1.8 

1.0 

0*6 ! 

1 . 

pT(Ko) 

- - -- 

30.0 

23.4 

17.5 

11.8 

6.6 

1 

3.8 1 

i' 


/imbient temperature, = 29.5 9 ° 

length of the path of light, 1 = 120 mm 

Wave length of He~Ne laser light 

in vaoaum, = 63.28 jc 10 ^ mm 

(n - 1) from Eef. f 19 I = 26,247 x 10”^ 

when S = 0 i.e. at the plate surface itself using e(|iation (9) sec. 2,5, 


we have 
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AT = T 
~ a 


A IT 


(n - l) — AIT 

a 

0 


= (273 + 29.5) X— 1^-2 

26.247 X 10 X 120 

4.5 

63.28 X 10 

_ 302.5 X 4.5 

- 49.75 _ 4.5 
= 30.0 E° 


similarly, /\.T was calculated for other distances from the plate and the 

values entered into the above table. The temperature distributions as 

calculated from the interferogram is shovh in Pig. 3.1.3. Prom this 

figure, the temperature gradient at the wall is 

^ = -63.ic°/6m 

ds 

dT 

Wall heat flux = h 2 .(t^-t^) “ ” ^ ^ 


k ^ 
X “ ” t -t • ds 


w a 


h^^ 

m = 

X k 


t -t 
w a 


dT 

ds 


30.0 


X 63.1 = 8.42 


Wall tanpeKefcare 


t = 29.5 + 30.0 = 59.5 c® 
w 


_ 59.5 + 29.5 

Mean film tcso^yersturc t^ = ^ - 2 


= 44.5 0° 
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Property yalues for air Ref, i 21 ■ at 44.5 c° one standard 

atmospheric pressure are as follows? 

-5 

K = 24.0 X 10 Kcal/hr-aa- c® 

"Ij ~ 0,1745 cmVsec, 

Pr = 0.6985 

Since air at atmo^heric presaire can be treated as an ideal gasy iiie 
coefficient of thermal expansion, , is the reciprocal of the absolute 
temperature# 

Ihus, Or = - - S . = 1,885 x 10^ 

^ (0.1745) X 302.5 

5 

(Or Pr Cosd) = ( 1,885 x 0.6985 x Cos 30)l0 
= 1.14 X 10^ 

(Or Pr Cose)^ = (l1.4)^ x 10 = 18.35 

Ru 

X 

C = -X 

^ (Cr Pr Oose)^ 


0.458 







